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Mycobacterium tuberculosis remains a major public health 
problem, causing approximately 1.7 million deaths in 
2016 [1]. The current treatment regimens for M. tubercu-
losis involve a combination of four drugs, isoniazid (INH), 
rifampicin (RIF), pyrazinamide and ethambutol. Combina-
tion therapy is required to target M. tuberculosis in different 
physiological states. The emergence of resistance against exist-
ing drugs emphasizes the need for new therapeutic agents and 
combination regimens. Synergistic, additive or antagonistic 
drug interactions occur when the therapeutic activity of drug 
combinations is greater than, equal to, or less than the sum 
of the effects of the individual drugs [2]. Identifying synergy 
between existing tuberculosis (TB) drugs, or those late in 
development, would allow for new combination regimens 
that may reduce toxic side effects and the length of treatment.

MmpL3 transports trehalose monomycolates across the 
cytoplasmic membrane of M. tuberculosis and is the target 
of several families of inhibitors [3–6]. The MmpL3 inhibitor 
AU1235 has synergy with other TB agents, including RIF, 
bedaquiline (BDQ) and the β-lactam ampicillin, with a 
reported fractional inhibitory index (FIC) of 0.5 when used in 
combination with all three agents [4]. Other MmpL3 inhibi-
tors, including the indole-2-carbozamides and SQ109 (FIC: 
0.09), have synergy with RIF in vitro and in murine infection 
models [5, 7]. Synergy with RIF in vitro is also observed with 
other cell wall inhibitors, including ethambutol and inhibitors 
of Pks13 (FIC: 0.55) [8, 9]. As the target of these inhibitors 

is the mycobacterial cell wall, it is likely that the damaged 
mycolate layer would lead to increased cellular permeability, 
resulting in increased accumulation and synergy with RIF. 
We wanted to test the hypothesis that synergy with RIF is at 
least in part due to increased permeability and intracellular 
accumulation.

We synthesized a fluorescent derivative or RIF by linking it to 
fluorescein isothiocyanate (RIF-FITC) (Fig. 1) as described 
in the supplemental methods (available in the online version 
of this article). RIF-FITC was active against M. tuberculosis, 
with a minimal inhibitory concentration (MIC) of 0.054 µM, 
measured as described in [10, 11], although this is less active 
than the parent RIF molecule (MIC=0.0060 µM). RIF-FITC 
was stable and did not undergo hydrolysis in PBS plus 0.05 % 
w/v Tween (PBS-Tw) at 37 °C for 3 h, as measured by liquid 
chromatography mass spectrometry (LCMS). We monitored 
the accumulation of RIF-FITC in wild-type M. tuberculosis. 
Bacteria were cultured in Middlebrook 7H9 medium plus 
10 % OADC supplement (oleic acid, albumin, dextrose and 
catalase; Becton Dickinson) and 0.05 % w/v Tween 80 to an 
OD590 of 0.6–0.8, washed and resuspended in PBS-Tw to an 
OD590 of 0.6. RIF-FITC was added to cells (0.014–1.4 µM) and 
incubated at 37 °C. Samples (3 ml) were harvested, washed 
in 10 ml PBS-Tw and resuspended in 2 ml PBS-Tw. Bacteria  
(100 µl) were dispensed into 96-well black-clear bottom plates 
and fluorescence was measured at Ex 490 nm/Em 525 nm. We 
first confirmed that RIF-FITC accumulation could be detected.  
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A starting concentration of 1.4 µM (25× MIC) RIF-FITC was 
required to produce a detectable signal (Fig. 2a). Fluorescence 
increased in a linear fashion over 3 h (Fig. 2a). Concentra-
tions of 0.25× MIC or 2.5× MIC failed to produce a detect-
able signal above the background fluorescence (Fig. 2a). All 
subsequent experiments monitoring RIF-FITC accumulation 
used a starting concentration of 1.4 µM (25× MIC).

The MmpL3 inhibitor AU1235 has synergy with RIF in vitro, 
with a reported FIC of 0.5 [4]. We determined whether treat-
ment with AU1235 could affect RIF-FITC accumulation.  
M. tuberculosis was grown to an OD590 of 0.3, compound was 
added and cells were cultured for a further 24 h. RIF-FITC 
was added to cells and cultures incubated at 37 °C. Samples 
(3 ml) were harvested, washed in 10 ml PBS-Tw and resus-
pended in 2 ml PBS-Tw. Bacteria (100 µl) were dispensed into 
96-well black-clear bottom plates and fluorescence measured 
at Ex 490 nm/Em 525 nm. The accumulation of RIF-FITC 
increased twofold after 3 h in the presence of a sub-inhibitory 
concentration of AU1235 (0.15 µM or 0.25× MIC) (Fig. 2b). 
At concentrations above the MIC (3 µM or 5× MIC), there was 
a fourfold increase in intracellular RIF-FITC accumulation 
(Fig. 2b). Thus, we saw increased accumulation of RIF-FITC 

in M. tuberculosis following exposure to the MmpL3 inhibitor, 
AU1235. No aggregation was observed in the cultures after 
the addition of compounds.

We monitored the accumulation of RIF-FITC in M. tubercu-
losis following exposure to other anti-tubercular agents. We 
tested RIF-FITC accumulation after 3 h incubation, as we 
expected this to be at near steady state, as demonstrated in  
Fig. 2b. At above inhibitory concentrations (i.e. 5× MIC) 
the cell wall inhibitors, AU1235 (MmpL3 inhibitor) [6], 
ethambutol (arabinosyl transferase inhibitor) [12], INH 
(InhA inhibitor) [13] and thiophene-2 (Pks13 inhibitor) 
[14], resulted in at least a fourfold increase in RIF-FITC 
accumulation (Fig. 2c). An alternative MmpL3 inhibitor, 
SQ109, increased RIF-FITC accumulation by twofold (Fig. 
2c). The respiratory inhibitors PA-824 [15] and BDQ [16] 
increased RIF-FITC accumulation by fourfold and twofold, 
respectively (Fig. 2c). At sub-inhibitory concentrations (0.25× 
MIC) AU1235, thiophene-2 and PA-824 all increased RIF-
FITC accumulation by twofold (Fig. 2c). INH, ethambutol, 
SQ109 and BDQ failed to increase RIF-FITC accumulation 
at 0.25× MIC (Fig. 2c). Other anti-tubercular agents that do 
not target the cell wall (linezolid, levofloxacin, clarithromycin 

Fig. 1. Schematic for the synthesis of RIF-FITC. TEA, trimethylamine; DMF, dimethylformamide.
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and kanamycin) had no effect on RIF-FITC accumulation 
at 5× MIC (Fig. 2c). In conclusion, a variety of cell wall and 
respiratory inhibitors increase the accumulation of RIF-
FITC in M. tuberculosis and a subset of those inhibitors were 
able to increase RIF-FITC accumulation at sub-inhibitory 
concentrations.

To determine whether the increased accumulation of RIF-
FITC was due to increased permeability, we used the ethidium 

bromide (EtBr) assay [17]. M. tuberculosis was grown to an 
OD590 of 0.3. Compounds were added and cultures were 
grown for approximately 24 h; cells were harvested, washed 
and resuspended in PBS-Tw buffer to an OD590 of 0.8. An equal 
volume of culture was added to 50 µl of PBS-Tw containing  
8 µg ml−1 EtBr in 96-well plates. Intracellular accumula-
tion of EtBr was monitored at 37 °C using Ex 530 nm/Em  
590 nm. AU1235 and PA824, both of which increased 

Fig. 2. RIF-FITC accumulates in M. tuberculosis. (a) Accumulation of RIF-FITC in M. tuberculosis. (b) Accumulation of RIF-FITC in  
M. tuberculosis after pretreatment with 0.15 and 3 µM AU1235 for 24 h (n=2–3). (c) Accumulation of RIF-FITC in M. tuberculosis after 
treatment with compounds for 24 h (n=2–5). For (b) and (c) RIF-FITC was used at a starting concentration of 1.4 µM (25× MIC). Data are 
expressed as fold change in RIF-FITC relative to the dimethyl sulfoxide (DMSO)-treated control. The results are the mean±standard 
deviation. The dashed line represents a twofold change relative to DMSO. The MICs for compounds are AU1235 (0.6 µM), SQ109 (2 µM), 
ethambutol (EMB) (2.8 µM), isoniazid (INH) (0.6 µM), thiophene-2 (Thio-2) (2.6 µM), PA-824 (1 µM), bedaquiline (BDQ) (0.2 µM), linezolid 
(LZD) (3.2 µM), levofloxacin (LEV) (2.5 µM), clarithromycin (CLA) (1.1 µM) and kanamycin (KAN) (1.3 µM).
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RIF-FITC accumulation at 5× and 0.25× MIC, increased EtBr 
accumulation at 5× and 0.25× MIC (Fig. 3a, b). At 0.25× MIC 
the rate of accumulation was lower than at 5×, although a 
similar steady state level was reached (Fig. 3a, b). SQ109 and 
INH, which increased RIF-FITC accumulation at 5× MIC 
but not at 0.25× MIC, increased the rate of accumulation and 
steady state levels of EtBr at 5× MIC but not at 0.25× MIC 
(Fig. 3d, e). Ethambutol, which increased RIF-FITC accumu-
lation at 5× but not at 0.25× MIC, increased EtBr accumula-
tion at both 5× and 0.25× (Fig. 3f). This correlation suggests 
that the compounds increase cell wall permeability and/or 
disrupt efflux, allowing for greater intracellular accumulation 
of both RIF and EtBr. Interestingly, thiophene-2 and BDQ, 
which increased RIF-FITC accumulation at 5× MIC, resulted 
in reduced EtBr accumulation as compared to DMSO-treated 
cells (Fig. 3g, h). This suggests that the mechanisms for 
increased RIF accumulation for these two compounds are 

different and are not related simply to changes in cell wall 
permeability and/or efflux. Since BDQ disrupts ATP genera-
tion, it could have negative effects on ATP-dependent trans-
port mechanisms, which might be independent of changes 
in cell wall structure.

This study demonstrates that synergistic interactions between 
RIF and compounds that target proteins involved in cell 
wall synthesis, including MmpL3 and Pks13, are consistent 
with disruptions in the cell wall leading to increased cellular 
permeability and increased accumulation of RIF. Increased 
accumulation of RIF in ethambutol-treated bacteria is 
consistent with previous studies that detected intracellular 
RIF using radio labelling or liquid chromatography [8, 18]. 
The observation that INH did not increase RIF accumulation 
at sub-inhibitory concentrations is consistent with previous 
work showing a lack of synergy between the two agents in 

Fig. 3. Cell wall inhibitors increase the permeability of M. tuberculosis. M. tuberculosis was pretreated with compounds for 24 h. Ethidium 
bromide uptake was monitored by fluorescence (Ex 530 nm/Em 590 nm). (a) AU1235, (b) PA-824, (c) SQ109, (d) INH, (e) ethambutol,  
(f) BDQ and (g) thiophene-2. Relative fluorescent units (RFU) from every second minute are presented. The results are the mean±standard 
deviation from technical and biological duplicates (n=4).
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Mycobacterium bovis BCG [18]. However, we demonstrate 
that at concentrations above the MIC, INH is able to increase 
the accumulation of RIF. The respiratory inhibitor PA-824 has 
multiple modes of action, including disruptions in the cell wall 
[15, 19]. We hypothesize that PA-824-mediated disruptions 
of the cell wall are responsible for increased permeability and 
accumulation of RIF. Further studies are required to deter-
mine whether synergy between cell wall inhibitors and other 
compounds is due to increased accumulation and whether 
increased accumulation translates to improved activity when 
used in combination.

Funding information
This research was supported with funding from the Bill and Melinda 
Gates Foundation, under grant OPP1024038. The funder played no role 
in the study, the preparation of the article or the decision to publish.

Acknowledgment
The authors acknowledge Catherine Shelton for technical assistance.

Conflicts of interest
The authors declare that there are no conflicts of interest.

References
	1.	 WHO, World Health Organisation. Global Tuberculosis report 2017; 

2017.

	2.	 Jia J, Zhu F, Ma X, Cao Z, Cao ZW et al. Mechanisms of drug combi-
nations: interaction and network perspectives. Nat Rev Drug Discov 
2009;8:111–128.

	3.	 Li W, Obregón-Henao A, Wallach JB, North EJ, Lee RE et  al. 
Therapeutic potential of the Mycobacterium tuberculosis 
mycolic acid transporter, MmpL3. Antimicrob Agents Chemother 
2016;60:5198–5207.

	4.	 Li W, Sanchez-Hidalgo A, Jones V, de Moura VCN, North EJ 
et  al. Synergistic interactions of MmpL3 inhibitors with antitu-
bercular compounds in vitro. Antimicrob Agents Chemother 
2017;61:e02399–16.

	5.	 Stec J, Onajole OK, Lun S, Guo H, Merenbloom B et al. Indole-2-car-
boxamide-based MmpL3 inhibitors show exceptional antituber-
cular activity in an animal model of tuberculosis infection. J Med 
Chem 2016;59:6232–6247.

	6.	 Grzegorzewicz AE, Pham H, Gundi VAKB, Scherman MS, North EJ 
et al. Inhibition of mycolic acid transport across the Mycobacterium 
tuberculosis plasma membrane. Nat Chem Biol 2012;8:334–341.

	7.	 Chen P, Gearhart J, Protopopova M, Einck L, Nacy CA et  al. 
Synergistic interactions of SQ109, a new ethylene diamine, with 
front-line antitubercular drugs in vitro. J Antimicrob Chemother 
2006;58:332–337.

	8.	 Piddock LJV, Williams KJ, Ricci V. Accumulation of rifampicin by 
Mycobacterium aurum, Mycobacterium smegmatis and Mycobacte-
rium tuberculosis. J Antimicrob Chemother 2000;45:159–165.

	9.	 Aggarwal A, Parai MK, Shetty N, Wallis D, Woolhiser L et al. Devel-
opment of a novel lead that targets M. tuberculosis polyketide 
synthase 13. Cell 2017;170:249–259.

	10.	 Ollinger J, Bailey MA, Moraski GC, Casey A, Florio S et al. A dual 
read-out assay to evaluate the potency of compounds active 
against Mycobacterium tuberculosis. PLoS One 2013;8:e60531.

	11.	 Lambert RJ, Pearson J. Susceptibility testing: accurate and repro-
ducible minimum inhibitory concentration (MIC) and non-inhibitory 
concentration (NiC) values. J Appl Microbiol 2000;88:784–790.

	12.	 Mikusová K, Slayden RA, Besra GS, Brennan PJ. Biogenesis of the 
mycobacterial cell wall and the site of action of ethambutol. Anti-
microb Agents Chemother 1995;39:2484–2489.

	13.	 Banerjee A, Dubnau E, Quemard A, Balasubramanian V, Um KS 
et al. inhA, a gene encoding a target for isoniazid and ethionamide 
in Mycobacterium tuberculosis. Science 1994;263:227–230.

	14.	 Wilson R, Kumar P, Parashar V, Vilchèze C, Veyron-Churlet R et al. 
Antituberculosis thiophenes define a requirement for Pks13 in 
mycolic acid biosynthesis. Nat Chem Biol 2013;9:499–506.

	15.	 Stover CK, Warrener P, VanDevanter DR, Sherman DR, Arain TM 
et al. A small-molecule nitroimidazopyran drug candidate for the 
treatment of tuberculosis. Nature 2000;405:962–966.

	16.	 Andries K, Verhasselt P, Guillemont J, Göhlmann HWH, Neefs JM 
et al. A diarylquinoline drug active on the ATP synthase of Mycobac-
terium tuberculosis. Science 2005;307:223–227.

	17.	 Rodrigues L, Wagner D, Viveiros M, Sampaio D, Couto I et al. Thiori-
dazine and chlorpromazine inhibition of ethidium bromide efflux in 
Mycobacterium avium and Mycobacterium smegmatis. J Antimicrob 
Chemother 2008;61:1076–1082.

	18.	 Ramón-García S, González Del Río R, Villarejo AS, Sweet GD, 
Cunningham F et  al. Repurposing clinically approved cephalo-
sporins for tuberculosis therapy. Sci Rep 2016;6:34293.

	19.	 Manjunatha U, Boshoff HIM, Barry CE. The mechanism of action of 
PA-824. Commun Integr Biol 2009;2:215–218.


	Cell wall inhibitors increase the accumulation of rifampicin in ﻿Mycobacterium tuberculosis﻿
	Abstract
	References


